Introduction
One-dimensional zinc oxide (ZnO) nanostructures with precisely controlled position, morphology and physical properties are the key building blocks for novel photonic [1, 2] , piezoelectric [3, 4] , photovoltaic [5, 6] , sensing [7] and data storage [8] devices. To fabricate ZnO nanorods, a common approach is the vapour-liquid-solid (VLS) method [9] , but this process requires additional assembly of metal catalyst particles to achieve precise registration of the nanorod growth sites. The use of a metal catalyst itself may also introduce contamination in the nanostructures and limit the choice of materials for device fabrication [10] . Alternatively, the catalyst-free and selective growth of ZnO nanorods using a lithographic process has been extensively demonstrated [11] [12] [13] [14] [15] . However, questions remain concerning the extent over which the morphology of nanorods can be controlled and the physical properties related to the specific morphology can in turnbe tailored. Also, the capability to scale-up the Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. fabrication of highly ordered nanorod arrays has been limited due to the use of small-area lithographic techniques and the necessity for lattice-matched substrates. The control of the morphology and physical properties of large-scale templated nanorods on Si substrates and textured seed layers that contain defects such as dislocations and grain boundaries is still challenging but of high practical importance.
Although the chemistry of the solution growth of ZnO nanostructures has been well documented [16, 17] , there is still a lack of fundamental understanding of their growth mechanism and morphology evolution. Recent progress on the growth of ZnO nanorod arrays has demonstrated the dependence of nanorod diameter on nanorod height [18] and subsequently the independent control of the nanorod length and diameter via rate-limiting regimes [19] . On the other hand, according to the Burton-Cabrera-Frank (BCF) theory [20] , under low supersaturation, the crystals only grow when they contain screw dislocations. The spiral mounds formed from the screw dislocations exhibit conical shapes and ascending steps which converge on the spiral cores. Recently, screw-dislocation-driven spiral growth has been demonstrated in various systems including nanowires [21, 22] , nanotubes [22] and nanoplates [23] . Simulations by Redinger et al predicted that 'wedding cakes', which often grow at low temperature and high supersaturation [24] [25] [26] , are reminiscent of spirals despite a completely different growth mechanism [27] . Formation of both spiral and wedding cake mounds could be a general phenomenon in the growth of semiconductor nanostructures and it is important to experimentally determine which growth mode is indeed active. Moreover, solution-grown ZnO nanorods are known to suffer from poor functionality such as low near-band-edge (NBE) emission which prohibits practical applications in optoelectronic devices. A facile post-growth thermal treatment was demonstrated in this work to enhance the NBE emission through manipulation of hydrogen donors. Lasing behaviour was found to occur more easily in nanorods with smooth terraces that can be explained by the two-dimensional nucleation-driven wedding cake model.
Experimental method

Synthesis of textured ZnO seed layers
ZnO seed layers, ∼70 nm in thickness, were grown on 2 inch Si wafers by pulsed laser deposition (PLD) and 4 inch Si wafers by radio-frequency (RF) magnetron sputtering. For PLD growth, the chamber was pumped down to a base pressure of 2×10 −6 Torr before deposition. A KrF excimer laser at an operating wavelength of 248 nm was used as the ablating source. The pulses were repeated at a frequency of 10 Hz and the fluence was about 2.6 J cm −2 . An oxygen partial pressure of 5×10 −3 Torr, substrate temperature of 600°C, and target-to-substrate distance of 7 cm were maintained during the deposition. For RF sputtering growth, the chamber was pumped down to a base pressure of 4×10 −7 Torr. Sputtering was performed at a constant power of 60 W at working pressure of 5×10 −3 Torr. The deposition temperature was set at 600°C and the target-to-substrate distance was 10 cm.
Fabrication of nanoimprinted patterns
Wafer-scale resist patterns were created using step and flash nanoimprint lithography (S-FIL, Imprio 100). Ultraviolet (UV) curable monomer resist (Monomat) was dispensed on the selected area. A quartz template with nanopatterns was applied to the resist layer. The resist was attracted into the nanopatterns by capillary force and formed resist patterns after UV curing. By repeating the processes of dispensing, imprinting and exposure, patterns can be uniformly fabricated on 2 inch (PLD seed layer) and 4 inch (sputter seed layer) Si wafers. Large-area uniformity of the patterns was achieved by accurate levelling of the substrate and template. As surface roughness resulted in substantial deviation of the levelling along a large area, the textured-ZnO seedlayer coated on the Si wafers were also kept thin (<100 nm) to avoid large surface roughness. The residual resist layer was removed by reactive ion etching (RIE) in oxygen plasma (Oxford Plasma 80) to expose the seed layer underneath. After plasma etching for 20 s, the size of the resist holes increased laterally by ∼30%.
Synthesis of ZnO nanorods
The patterned substrates were subsequently immersed in an aqueous solution at 90°C in a water bath. The solution was prepared by dissolving 27 mM zinc acetate. The pH of the solution was adjusted to be approximately 10 by adding 0.15 M ammonia. The equilibrium concentration of the system is estimated to be 0.5 mM. For certain samples, 8 mM sodium citrate were added to impede to vertical growth of the nanorods. The growth time ranged from 10 min to 12 h. The fabrication process is schematically illustrated in figure S1 in the supplementary data. ZnO nanorods were also grown on GaN substrates as a comparison to investigate the growth mechanism. The single crystal GaN film was grown by metal-organic vapour phase epitaxy (MOCVD) on a sapphire substrate. The GaN film was c-axis orientated and the thickness was 2∼3 μm. The dislocation density decreases as the thickness of GaN film increases. For the film thickness of 2∼3 μm, the total dislocation density is ∼1×10 9 cm −2 .
Characterization of ZnO nanorods
Morphologies of the nanomaterials were characterized by atomic force microscopy (AFM, Multimode-Digital Instruments) and field-emission scanning electron microscopy (SEM, JEOL JSM6700F). The nanorod length was measured from the cross-section SEM images. The average length and standard deviation was obtained using ImageJ with the sample size of 10-12 nanorods. Structural characterization was carried out using a general area detector diffraction system (GADDS, Cu Kα, Bruker D8) and high resolution x-ray diffraction (XRD, Cu Kα, PANalytical X'Pert Pro). Microstructures and interfaces were studied using high resolution transmission electron microscopy (TEM, Philips CM300). The as-grown samples were annealed using a rapid thermal annealing system (RTA, ULVAC-RIKO MILA-3000). The annealing temperature was ramped at a rate of 35°C s −1 , and then held constant for 30 min before being cooled down to room temperature at a rate of 60°C min −1 . Optical properties of the samples were studied using micro-PL (Renishaw Ramanscope 2000) with a He-Cd laser (λ=325 nm) as the excitation source. The optical pumping was performed at room temperature with samples excited by 35 fs pulses at 325 nm from an optical parametric amplifier (TOPAS-CTM). The pulses (∼3 μJ/pulse) were incident normally to the samples and focused onto a spot of ∼500 μm diameter. The luminescence was dispersed by a monochromator and detected with a CCD detector in a conventional back-scattering geometry.
Results and discussion
Morphology and structure of ZnO nanorods
The typical route to forming vertically aligned ZnO nanorod arrays on a lattice-mismatched Si substrate starts from the deposition of a textured ZnO seed layer by spin-coating and annealing of the precursors [28] , but the degree of alignment of the resulting nanorods is limited. In order to obtain a perpendicular c-axis orientation of high uniformity, polycrystalline ZnO films (∼70 nm thickness) were deposited on Si substrates by PLD and sputtering as seed layers. The RMS roughness for PLD and sputtered seed layers are 1.13 nm and 2.65 nm, and the grain sizes are 20.5 nm and 22.5 nm, respectively (see figure S2 in the online supplementary data). An array of cylindrical hole patterns were created on top of the seed layer by nanoimprint lithography, with diameter of 100 nm and aspect ratio of ∼2.5:1, as shown in figure 1(a). After plasma etching, highly aligned ZnO nanorods were subsequently grown with large-area uniformity, as shown in figure 1(b) . The orientations of the nanorods were controlled by the texture of the seed layer, as indicated by XRD θ-2θ spectra in figure 1(c). Both the seed layer and nanorods showed a (0002) out-of-plane orientation. The (10 -10) and (10 -11) diffraction peaks which are commonly present in solution-grown ZnO nanorods are absent, suggesting the nanorods are highly aligned. The 2θ value of the (0002) diffraction peak for the seed layer was larger than that of the bulk ZnO and the nanorods. This is attributed to the seed layer being under in-plane tensile stress associated with island coalescence through a zipping process [29] , in which the free surfaces of two islands merge to form a grain boundary through elastic distortion leading to strain energy.
The SEM top, cross-section and tilted views of the ZnO nanorods grown for 10 min are shown in figures 2(a)-(c), respectively. The surface topography of the nanorods is reminiscent of the grain structures of the seed layer and persists during growth. The top of the nanorods exhibit rounded shape. By adding sodium citrate surfactant into the solution, the vertical growth of the nanorods was effectively impeded. The possibility for the adatoms to incorporate near the grain boundaries of the textured polycrystalline seed layer increased and the coalescence of the grains is favoured. The morphology of the nanorods shows flat top ends and a single nanorod grows from each pattern hole without grains or branches visible, as depicted in figures 2(d)-(f). The drawbacks for adding surfactant include the limited length of the nanorods and increased defects. To study the morphologies of longer nanorods that exit the holes, ZnO nanorods were grown without surfactant for extended growth time. ZnO nanorods grown for 30 min on a PLD seed layer exhibit a branched structure but the top of the nanorods is faceted, as shown in figures 2(g)-(i). In contrast, ZnO nanorods grown on a sputtered seed layer for 30 min exhibit coalesced branches but rounded top ends without hexagonal facets, as shown in figures 2(j), (k). After 12 h growth, the nanorods fully coalesced into single faceted nanorods of ∼2 μm length, but the perpendicular alignment was degraded, as shown in figure 2(l) .
The microstructure and interfaces are important in determining the properties of ZnO nanorods, but there is a lack detailed TEM assessment of the interfaces of ordered ZnO nanorod arrays on textured seed layers in previous reports. A cross-section TEM image of a ZnO nanorod grown for 30 min on PLD seed layer is shown in figure 3(a) . An amorphous SiO x layer of ∼3 nm thickness existed between the Si substrate and the ZnO textured seed layer, as shown in figure 3(b) . The interface between the nanorod and seed layer, as revealed in figure 3(c) , was not clearly delineated, which indicates good epitaxy of the nanorod from the seed layer. The vertical edge of the rod surface illustrates effectiveness of the resist in controlling the sideways growth. Figure 3(d) shows fewer defects present at the upper region of a nanorod compared to the interface region at the bottom of the rod. Selected area electron diffraction (SAED) patterns, as shown in figure 3(e) , prove that the nanorods were ZnO single crystals with the wurtzite structure and c-axis orientation along their length.
Growth mechanism
We further focus on the nanorods grown for 30 min on PLD seed layer to study the mechanism that governs such morphologies. In a system at low temperature and high growth rates, the diffusing adatoms can be reflected from descending step edges, preventing effective interlayer mass transport and leading to mound formation. This is understood by the presence of an additional energy barrier, known as the Ehrlich-Schwoebel barrier (ESB) [30, 31] at the step edges. When interlayer mass transport is suppressed by ESB, adatoms do not incorporate layer-by-layer but form wedding cake mounds by a two-dimensional (2D) nucleation process. According to classical thermodynamic theory, nucleation of the adatoms is thermally activated and a function of supersaturation. With the growth temperature kept constant at 90°C, the driving force of nucleation is proportional to supersaturation, which is defined as:
where c and c o are the concentration and equilibrium concentration of the system, respectively [32] . As the supersaturation increases, the crystal growth is progressively dominated by dislocation growth, layer-by-layer growth and dendritic growth [33] . In ZnO solution growth on textured seed layers, mound formation is favoured due to the low growth temperature, presence of numerous nucleation sites and diffusion barriers, and high supersaturation. Figure 4(a) shows a TEM image of ZnO nanorods scratched from the substrate and placed onto holey carbon grids. The magnified high resolution image of the top end of the nanorod showed structures consisting of descending steps with flat terraces which are characteristics of wedding cake mounds. In a separate experiment, ZnO nanorods were also grown on a GaN substrate as a comparison to further verify the growth mode. In figure 4(b) , nanorods with flat terraces rather than spiral cores on the top facets were observed. The density of the nanorods was higher than the density of screw and mixed type threading dislocations normally intersecting the GaN substrate surface, which are estimated to be ∼3 screw dislocations per 10 μm 2 of surface [22] . Neither an axial dislocation propagating along the rod nor a spiral core at the top end was observed in HRTEM images. Figure 4(c) shows the SEM images of ZnO mounds formed on a textured ZnO seed layer without patterns. The magnified images indicate the coexistence of the wedding cake mounds (upper inset) and spirals (lower inset). Besides, after the top ends of nanorods growing above the top of the resist holes, the increasing of the overall diameter and tapering are observed in many nanorods, both of which are characteristic of a wedding cake growth mode. With this evidence, we suggest that both wedding cake mounds driven by 2D nucleation and spirals driven by screw dislocation may initiate the solution growth process of ZnO nanostructures, as schematically illustrated in figure 4(d) . The adatom either diffuses on the terrace overcoming the diffusion barrier (E D ), or diffuses over the step edge with an extra energy of ESB (E ES ). Significant ESB suppresses interlayer mass transport and increases the density of adatoms on the top terrace. The nucleation rate is increased due to a higher probability of collisions between confined adatoms. Spirals are initiated at sites where screw dislocations intersect the substrate surface. The adatoms preferably incorporate at the jog formed by a screw dislocation to minimize the number of dangling bonds. The incorporation of an adatom creates a new jog leading to a selfperpetuating process. Figure 4 (e) schematically illustrates the development of wedding cake-like ZnO nanorods from a nanoimprinted pattern. The grain boundaries from the polycrystalline seed layer act as a hard barrier which leads to a correspondence between the nanorod topography and the grain structures of the seed layer [34] . On the ascending steps at the side of the mounds, increasing coverage of the upper ledges reduces the step spacing near the edge of the mounds, resulting in a smaller chance for adatoms to arrive on the vicinal terraces and forming deep trenches [35, 36] . This is consistent with the observed branching effect of the nanorods even if the c-axis is perpendicular to the substrate surface.
Optical properties
The optical properties of the nanorods grown for 30 min on PLD seed layer with and without post-growth thermal treatment were studied. Figure 5 shows the room temperature PL spectra of as grown and annealed (425°C, 10 −4 Torr vacuum) samples of ZnO nanorod arrays. Suppression of deep level (DL) visible emission and pronounced enhancement of NBE UV emission were observed. The minimization of defectrelated DL emission suggests improved crystallinity after annealing. The enhancement of NBE emission originates from the activation and dissociation of hydrogen donors induced by annealing in vacuum. The movement of the hydrogen donors is schematically illustrated in figure 5 . A large amount of hydrogen interstitials existing in solutiongrown ZnO nanorods moved into oxygen vacancy sites and contributed to excitonic recombination [37, 38] , which was further identified by the I 4 peak from the low temperature PL spectra and Raman spectra (see figures S3, S4 in the supplementary data). In a separate measurement, the NBE emission intensity of the annealed nanorods is about two orders-of-magnitude larger than that of the bare seed layer, as shown in figure 5 . The contribution of the seed layer to the optical properties of the nanorod arrays was therefore discounted.
The optical properties of the nanorod arrays can be tailored due to the different characteristic morphologies of the growth modes. As efficient guiding has been reported for ZnO nanostructures with diameters smaller than the wavelength of the guided light [39, 40] . ZnO nanorods grown on a PLD seed layer showed smoother top facets (figures 2(h) and 4(a)) compared to the nanorods grown on a sputtered seed layer which exhibit rough nanorod/seedlayer interface and rounded top ends (figure S5 in online supplementary data). With smooth facets at the top and bottom acting as reflectors, each nanorod could behave as a Fabry-Perot-like waveguide cavity [41] . Also, for nanorods that mostly consist of wedding cake mounds with no screw dislocation at the centre along the longitudinal direction, there is less chance for non-radiative recombination to happen. Figure 6(a) shows the room temperature luminescence from the nanorod arrays grown for 30 min on a PLD seed layer excited with high power optical pulses. At low pump fluence (P ex ), a broad emission peak extended far below the bandgap of ZnO. It was resolved into four Lorentzian sub-peaks indicated by green dashed lines. As shown in figure 6(b) , the intensity of the highest sub-peak at λ≈405.8 nm, increased linearly with P ex . Originated from the lower polariton branch [40, 42] , the strong light-matter coupling is not bleached at high P ex probably due to smaller carrier density near the edge of the excitation spot [43] . As P ex increased to a threshold value (P ex ≈460 μJ cm −2 ), additional sharp peaks at λ≈394 nm emerged and the intensity increased superlinearly with increasing P ex . The output intensity tended towards a linear increase with excitation intensity for P ex exceeding ∼600 μJ cm −2 . The intensity of the resulting peak was orders-of-magnitude higher than the spontaneous emission background and the dependence of output and excitation intensity exhibited a superlinear to a linear relationship, characteristics of stimulated emission. The linewidth was significantly larger than that of single nanorods, which is due to nanorod arrays forming multiple Fabry-Perot-like cavities. Superposition of peaks from cavities of slightly different length for the same longitudinal mode resulted in a spectrally broadened peak. The variation of the length is also illustrated by AFM section image in figure S6 in the online supplementary data. The mode spacing of the longitudinal Fabry-Perot waveguide is calculated by the expression [44] :
where L=781.4 nm is the mean cavity length, n=2.33 is the refractive index at wavelength λ=394 nm and dn/ dλ=−0.015 nm −1 is the chromatic dispersion. The mode spacing was calculated to be Δλ≈12 nm. In addition to the peak at λ≈394 nm, another waveguide mode should have been located at λ≈382 nm. The absence is due to the pronounced subwavelength guiding mediated mostly through exciton-photon coupling which results in very weak luminescence from the band edge and upper polariton branch [40] . Moreover, upon increasing P ex , a blue-shift of the LPB emission is observed in figure 6(a) , which is due to significant screening under higher excitation power. The red-shift of the lasing mode with increasing excitation power is attributed to band-gap renormalization and/or the increase of refractive index of ZnO caused by heat generated at higher excitation powers [39] . In contrast, no lasing behaviour was observed from nanorods grown on the sputtered seed layer which exhibit a rounded top surface. Our results suggest that nanorods ending with flat terraces developed from wedding cake growth mode facilitate efficient light guiding and lasing behaviour, which have important implications for nanolasers.
Conclusion
A method for creating large-scale and highly ordered ZnO nanorod arrays on Si substrate with controllable morphology and optical properties was demonstrated. The wedding cake mound formation was proposed in addition to the wellunderstood spiral growth to explain the observed features at the top of the ZnO nanorods. A better understanding of this mechanism can be generally useful for rational control of the morphologies and functionalities of nanomaterials. Strong NBE luminescence and lasing behavior observed from the faceted ZnO nanorod arrays show promises of the nanorod arrays as miniaturized light emitters for optoelectronics, optogenetics and beyond.
